Globular proteins are important both as therapeutic agents and excipients. However, their fragile 47 65
native conformations can be denatured during pharmaceutical processing, which leads to 48 modification of the surface energy of their powders and hence their performance. Lyophilized 49 powders of hen egg-white lysozyme and β-galactosidase from Aspergillus oryzae were used as 50 models to study the effects of mechanical denaturation on the surface energies of basic and acidic 51 protein powders, respectively. Their mechanical denaturation upon milling was confirmed by the 52 absence of their thermal unfolding transition phases and by the changes in their secondary and 53 tertiary structures. Inverse gas chromatography detected differences between both unprocessed 54 protein powders and the changes induced by their mechanical denaturation. The surfaces of the 55 acidic and basic protein powders were relatively basic, however the surface acidity of β-56 galactosidase was higher than that of lysozyme. Also the surface of β-galactosidase powder had a 57 higher dispersive energy compared to lysozyme. The mechanical denaturation decreased the 58 dispersive energy and the basicity of the surfaces of both protein powders. The amino acid 59 composition and molecular conformation of the proteins explained the surface energy data 60 measured by inverse gas chromatography. The biological activity of mechanically denatured 61 protein powders can either be reversible (lysozyme) or irreversible (β-galactosidase) upon 62 hydration. Our surface data can be exploited to understand and predict the performance of protein 63 powders within pharmaceutical dosage forms. 64
Introduction 69 70
In the pharmaceutical field, there is considerable interest in the use of globular proteins for 71 their therapeutic effects. During pharmaceutical processes, protein powders are often subjected to 72 mechanical stresses. For example, milling has been used to prepare protein particles suitable for 73 pulmonary delivery and protein-loaded microparticles in industrial quantities [1, 2] . The 74 mechanical stresses applied during the milling can partially or completely denature the proteins 75 and change their bulk properties [3] . In recent years, denatured globular proteins have found 76 extensive applications as excipients in pharmaceutical formulations [4, 5] . Denatured globular 77 proteins have been used to prepare emulsion systems designed to enhance the absorption of 78 insoluble drugs and to form nanoparticles for drug delivery and targeting [4] . Globular proteins 79 have also been successfully used to formulate controlled drug delivery tablets, which delay drug 80 release in gastric conditions by forming a gel-layer stabilized by intermolecular-beta sheets of 81 denatured globular proteins [5] . 82
Surface energies of powders are critical properties to be considered during formulation and 83 development of dosage forms in the pharmaceutical industry. Surface energy has significant effects 84 on pharmaceutical processes such as granulation, tableting, disintegration, dissolution, 85 dispersibility, immiscibility, wettability, adhesion, flowability, packing etc. Resultant data from 86 recent determination of surface energies have been used to reduce the time of formulation 87 development and enhance the quality of the final product [6] [7] [8] . 88
The effect of the protein denaturation on their surface chemistry has been determined using 89 time-of-flight secondary ion mass spectrometry [9] . However, the effect of mechanical 90 denaturation on the surface energies of globular proteins has not been reported and these effects 91 4 must be understood to exploit the full potential of globular proteins in pharmaceutical industry 92 both as therapeutic agents and excipients. Inverse gas chromatography (IGC) is a useful verified 93 tool for surface energy measurements [10] . IGC has been used to measure the surface free energy 94 of lyophilized protein particles, detecting lot-to-lot variations in the amorphous microstructure of 95 lyophilized protein formulations [11] . 96 This paper aims to evaluate the effects of mechanical denaturation on the surface energies 97 of globular protein powders using IGC. β-Galactosidase is a hydrolytic enzyme that has been 98 widely investigated for potential applications in the food industry to improve sweetness, solubility, 99 flavor, and digestibility of dairy products. Preparations of β galactosidases have also been 100 exploited for industrial, biotechnological, medical, and analytical applications [12] . Lysozyme is 101 a naturally occurring enzyme found in bodily secretions such as tears, saliva, and milk and has 102 been explored as a food preservative and pharmaceutical. The isoelectric points (pI) of β-103 galactosidase from Aspergillus oryzae and hen egg-white lysozyme are 4.6 and 11.3, and were 104 used as models of acidic and basic globular proteins, respectively [13] . Lyophilized powders of 105 these proteins were mechanically denatured by milling. Their surface energies before and after 106 denaturation were compared in order to understand how the surfaces of the globular protein 107 powders respond to the mechanical denaturation. Mechanically denatured powders of β-galactosidase and lysozyme were prepared by 119 manually milling. The milling was achieved by rotating a marble pestle over the powder within a 120 marble mortar at ~45 cycles per minute (cpm). Milling times of 60 min were enough to completely 121 denature the protein powders, and this was confirmed by differential scanning calorimetry (DSC) 122
[3]. The mechanically denatured powders of β-galactosidase and lysozyme were named DeG and 123
DeL, respectively. Three batches (2 g each batch) of the mechanically denatured powders were 124 prepared for each protein. should be less than 0.7% to accept the accuracy of the measurement. 
Microscopy 233
The photomicrographs of UNL, UNG, DeL, and DeG powders show that they had project-234 area diameters of ~4 µm (Fig. S1 ), ~2.5 µm (Fig. S2 ), ~1.5 µm (Fig. S3 ), and ~1.5 µm (Fig. S4) , 235 respectively. The particle sizes of the original powders were below 5 µm. Therefore, the attrition 236 mechanism was dominant during milling, and so the same original faces did not change [3] . 237 238
Differential scanning calorimetry (DSC) 239
For both proteins, DSC thermograms exhibited broad peaks ranging from ~30 to ~140 °C 240 ( Figure 1 ). These peaks are due to water removal, and their areas depend on water residues in the 241 11 powders [3] . The enthalpy of the water evaporation peak was 118±11, 124±6, 114±9 and 130±8 242 J/g for UNL, UNG, DeL, and DeG, respectively, and did not significantly change after milling (t-243 test: P < 0.05). The protein powders exchange water with the surrounding air depending on 244 conditions of temperature, relative humidity and exposure time. Therefore, the conditions used 245 during milling did not change the water content of the powders. Also Figure 1 shows that the 246 unprocessed proteins unfolded and a peak was detected at their apparent denaturation 247 temperatures, which varied according to the protein. DSC thermograms of UNL displayed one 248 denaturation peak at ~201 °C, but UNG displayed two denaturation peaks at ~176 °C and ~212 249 °C. 250 
252
The difference in the thermal denaturation pattern can be due to the difference in the 253 thermal unfolding mechanisms of the proteins. While lysozyme folds in a highly cooperative 254 manner and so exhibits an all-or-none thermal unfolding transition, β-galactosidase goes through 255 a non-two state thermal unfolding transition resulting in two peaks [26, 27] . The unfolding 256 transition peaks were completely lost after mechanical denaturation. Hence there was no peak at 257 ~201 ºC for the milled lysozyme samples and neither were there peaks at ~176 °C and ~212 °C 258 for the milled β-galactosidase. The complete disappearance of the unfolding transition peak from 259 the DSC thermogram indicates the total transition of the protein from its folded state to its unfolded 260 state [3] . 261 262
FT-Raman study 263
Raman spectroscopy was used to compare the molecular conformation of protein powders 264 before and after mechanical denaturation. The band at ~1450 cm -1 indicates the CH bending 265 vibrations of aliphatic side chains, and its intensity and position are unaffected by changes induced 266 in protein structure after dehydration or applying different stresses [28] . Therefore, it was used as 267 an internal intensity standard to normalize Raman spectra before comparison (Figures 2A and 3A) . 268
The vibration modes of amide I (C=O stretch) from 1580 to 1720 cm -1 (Figures 2B and 3B) The aggregation of denatured proteins combined with changes in the vibration modes of 279 the aromatic residues at ~1550 cm -1 in β-galactosidase ( Figure 2D ), 1320-1380 cm -1 in lysozyme 280 ( Figure 3D ) and 800-900 cm -1 in both proteins (Figures 2E and 3E) . 
Surface free energy 313
The IGC results ( However, this is not the only determinant of energy as the surfaces of both the acidic (UNG) and 338 basic (UNL) protein powders were relatively basic (the values of γ s + > γ s − ). Therefore to explain 339 our results further, the interaction of protein molecules with surfaces and interfaces, during 340 preparation using lyophilization technique, must be considered. 341
As protein molecules are surface active containing both polar and nonpolar groups, they 342 tend to adsorb to interfaces via hydrophobic interactions (London), coulombs (electrostatic) and/or 343 hydrogen bonding, and they reorient their surfaces to the parts which give the optimum attractive 344 force and the most stable state (minimum energy) with a substrate or an interface [39] . Upon 345 lyophilization, protein molecules adsorb to the formed ice via hydrophobic residues but not via 346 hydrophilic residues, and this gives support to the hypothesis that the interaction of proteins with 347 ice involves appreciable hydrophobic interactions [40] . The hydrophobic regions in protein 348 molecules interact spontaneously with the ice faces by an entropy driving force [41] . The rich 349 electron rings of aromatic residues orient so that the ring structures lie flat with the interface in 350 order to maximize the interaction at interfaces and lower the Gibbs free energy of the system [42] . UNG was more acidic than UNL. The size and the shape of the molecule can also influence 362 orientation. UNG is larger than UNL, with a globular shape and when some of the chemical groups 363 are preferably exposed to a surface (energetically or entropically), this will expose not only those 364 specific groups but also other closely associated groups which will vary in nature from one protein 365
